The artemisinin (ART)-based antimalarials have contributed significantly to reducing global malaria deaths over the past decade, but we still do not know how they kill parasites. To gain greater insight into the potential mechanisms of ART drug action, we developed a suite of ART activity-based protein profiling probes to identify parasite protein drug targets in situ. Probes were designed to retain biological activity and alkylate the molecular target(s) of Plasmodium falciparum 3D7 parasites in situ. Proteins tagged with the ART probe can then be isolated using click chemistry before identification by liquid chromatography-MS/MS. Using these probes, we define an ART proteome that shows alkylated targets in the glycolytic, hemoglobin degradation, antioxidant defense, and protein synthesis pathways, processes essential for parasite survival. This work reveals the pleiotropic nature of the biological functions targeted by this important class of antimalarial drugs. 
M
alaria is a global health problem with 214 million new cases of malaria and 438,000 deaths reported in 2015, mostly in sub-Saharan Africa (1) . The endoperoxide class of antimalarial drugs, such as artemisinin (ART), is the first line of defense against malaria infection against a backdrop of multidrug-resistant parasites (2) and lack of effective vaccines (3, 4) . Given the effectiveness of the ART class, the question arises: how do these drugs kill parasites? A suggested mechanism of action involves the cleavage of the endoperoxide bridge by a source of Fe 2+ or heme. This cleavage results in the formation of oxyradicals that rearrange into primary or secondary carbon-centered radicals. These radicals have been proposed to alkylate parasite proteins that somehow result in the death of the parasite (5) . However, this proposal remains a subject of intense debate (6, 7) , while these alkylated proteins are yet to be formally identified. So far, the proposed targets of ART action include a PfATP6 enzyme, the Plasmodium falciparum ortholog of mammalian sarcoendoplasmic reticulum Ca 21 -ATPases (SERCAs) (5), translational controlled tumor protein, and heme (5) . Additionally, Haynes et al. (8) proposed that ART may act by impairing parasite redox homeostasis as a consequence of an interaction between the drug and flavin adenine dinucleotide (FADH) and/or other parasite flavoenzymes in the parasite, leading to the generation of reactive oxygen species (ROS). New approaches are required for definitive identification of ART molecular targets. This insight into the drug activation-dependent mechanism of action will be invaluable in the target-led development of more potent drugs with the potential to circumvent the emergence of resistance to current first-line ART-based therapies. The goal of this study was to identify ART-targeted proteins and their interacting partners in P. falciparum. We recently adopted a proteomic approach developed by Speers and Cravatt (9) to synthesize a suite of pyrethroid activity-based protein profiling probes (ABPPs) (10) . Using alkyne/azide-coupling partners through "click chemistry," we identified several cytochrome P450 enzymes that metabolized deltamethrin in rat liver microsomes (10) . More recently, a chemical proteomic approach was developed to identify parasite proteins targeted by an albitiazolium antimalarial drug candidate in situ using a photoactivation cross-linking approach (11) . However, this generic approach can introduce significant promiscuity in the proteins tagged based on the intracompartmental distribution of drug independent of actual mechanisms.
Here, we introduced the design and synthesis of click chemistry-compatible activity-based probes incorporating the endoperoxide scaffold of ART as a warhead to alkylate and identified the ART molecular target(s) in asexual stages of the malaria parasite (Fig. 1) . A major advantage of this strategy is that the reporter tags are introduced under "click" reaction conditions performed after the drug has achieved its biological effects, enabling purification, identification, and quantification of alkylated parasite's proteins and their interacting partners as shown in Fig.  1B . To avoid nonspecific probe-dependent tagging, a common limitation of these approaches, we generated the respective "control" nonperoxide partners to improve the specificity and biological relevance of our resultant tagged protein list.
Significance
The mechanism of action of the artemisinin (ART) class of antimalarial drugs, the most important antimalarial drug class in use today, remains controversial, despite more than three decades of intensive research. We have developed an unbiased chemical proteomic approach using a suite of ART activitybased protein profiling probes to identify proteins within the malaria parasite that are alkylated by ART, including proteins involved in glycolysis, hemoglobin metabolism, and redox defense. The data point to a pleiotropic mechanism of drug action for this class and offer a strategy for investigating resistance mechanisms to ART-based drugs as well as mechanisms of action of other endoperoxide-based drugs.
Results and Discussion
Rationale of ART Activity-Based Protein Profiling Probes Design and Synthesis. We synthesized the click probes using techniques optimized and developed in house with the alkyne/azide introduced by an optimized peptide coupling protocol (more details are in SI Text). We varied click handles to expand the utility of ART-ABPPs and compare the efficiency of two distinctive tagging chemistries (i.e., copper-catalyzed and bioorthogonal copper-free click chemistry). Previous work by Meshnick and coworkers (12) showed that six uncharacterized malaria proteins bands were labeled with semisynthetic derivatives of ART (e.g., [3H]-dihydroartemisinin) at pharmacologically relevant concentrations of the drug. Importantly, labeling was not shown using uninfected erythrocytes or when infected cells were treated with the inactive analog, deoxyether (12) . Our strategy allows definitive identification of tagged proteins by comparison of active probe alkylation products with those of their nonperoxidic equivalent controls (synthesized as detailed in SI Text). Earlier work suggests that long peptide linkers can introduce cytotoxicity (13) . To avoid this issue, peptide linkers of maximum three carbons were used for our alkyne and azide probes.
Antimalarial Activity of ART-ABPPs. The antimalarial activity of the probes and controls was determined in vitro against P. falciparum 3D7 parasites (SI Text). The azide/alkyne function did not significantly affect antimalarial activity against 3D7 (Fig. 1A) . The IC 50 values for probe 1 (P1) and probe 2 (P2) were 43.86 (SD = 0.441 nM; n = 3) and 30.26 nM (SD = 0.314 nM; n = 3), respectively, compared with the IC 50 of ART of 14 nM (SD = 0.41 nM; n = 3). Importantly, control probes CP1 and CP2 were inactive in agreement with expectations (12, 14) . This result supports the essentiality of the endoperoxide bridge and validates our probe plus control pair strategy.
Parasite Protein Labeling and Identification. As a next step, we moved to the direct identification of ART molecular target(s) in situ as explained in Methods and Fig. 1B . The Mascot search algorithm was used to identify proteins from the resultant peptides identified by liquid chromatography (LC)-MS/MS, and the exponentially modified protein abundance index (emPAI) was used to provide semiquantitation of protein abundance (15) . Heat map analysis (Fig. 2) shows the essentiality of the endoperoxide in protein alkylation. In general, many essential proteins were identified as ART targets with P1 and P2 (Figs. 2 and 3 ). These results are further supported by 1D gel fluorescence analysis (Fig. S1 ) for proteomes treated with a trifunctional azido-biotinrhodamine tag (instead of the biotin azide tag) and subjected to protein purification followed by in-gel fluorescence visualization. With this probe, significant protein labeling was apparent with the active probe P1, whereas no labeling was evident with its alkyne deoxy-ether negative control analog. This result again reinforces the importance of the endoperoxide function for bioactivation (Fig. S1 ). Using on-bead trypsin digestion of captured proteins with the biotin azide reporter followed by LC-MS/MS identification confidently reported 58 proteins using P1; however, four proteins were detected at very low abundance in two of five replicates in the positive control treatment (CP1) (Fig. 2 and Fig. S2A ). Multiple t test analysis confirmed that the levels of these proteins tagged by the active probe were significantly higher than in the control experiments (Fig. S2A ). This result shows the importance of having a positive control to avoid identification of proteins that bind nonspecifically to the streptavidin column. When DMSO solvent was used as a negative control, nine proteins at very low, insignificant levels were detected in two of five replicates ( Fig. 2 and Fig. S2B ). These observations emphasize the need to control for nonspecific binding in these complex proteomic experiments.
Studies performed with copper (I) salts and copper complexes have shown the potential for ART activation and rearrangement, similar to that generated by iron (16) under these conditions. ART activation based on copper was considered an unlikely problem during the click reactions used in this study because of the multiple washing steps involved and the use of a reducing environment [DTT and Tris(2-carboxyethyl)phosphine] during protein extraction and click reactions, conditions known to block antimalarial action of the endoperoxides (17, 18) . Nevertheless, to definitively rule out this possibility and validate the results more stringently, we have also introduced the bioorthogonal copper-free click methodology by preparation of the azide analog of the alkyne probe (P2) (Fig. 1) . After the azide probe is introduced into target biomolecules after peroxide activation, the azide can be tagged with reporter using several selective reactions (19) . Here, we used strain-promoted [3 + 2] azide-alkyne cycloaddition to verify the results obtained from copper-catalyzed azide-alkyne cycloaddition (CuAAC) with P1. The critical tagging reagent, a substituted biotin cyclooctyne, possesses ring strain and electron-withdrawing substituents that together promote the [3 + 2] dipolar cycloaddition with azides installed into the P2 molecule as illustrated in Fig. 1B (19) . The Cu-free click reaction follows comparable kinetics to the CuAAC click reaction and proceeds within minutes (19, 20) . Both P1 and P2 exhibited similar labeling patterns as indicated by pulldown experiments, including 42 identical proteins (Fig. 3A) . However, the pulldown experiment with P2 exhibited higher sensitivity compared with P1 (Fig. 2) . The higher sensitivity could be attributed to the higher efficiency of the strain-promoted [3 + 2] azide-alkyne cycloaddition reaction compared with the CuAAC reaction in aqueous media (19, 20) . More importantly, samples treated with the nonperoxidic equivalent of P2 (CP2) did not identify any proteins. Moreover, the comparison between samples treated in situ with P2 vs. cellular homogenates did not show any significant qualitative differences in the tagged protein profiles. Additionally, cellular homogenates exposed to P2 with the iron-chelating agent desferoxamine (DFO) (100 μM) showed that ART-protein alkylation was significantly reduced but not completely abolished by chelation ( Fig. S3 and Table S1 ). These data may support a role for a nonferrous activation process. Alternatively, although 100 μM DFO was previously shown to inhibit the antimalarial activity of this class using live parasite (14) , incomplete iron chelation remains a possibility under this experimental condition using processed parasite protein homogenate.
Free sulfhydryl groups (thiols) of cysteine residues in the proteins of Plasmodium parasites are sensitive to oxidation and alkylation by ART-derived radicals, generating cysteine adducts (21, 22) . Kehr et al. (23) showed that the free thiols in cysteine are reversibly glutathionylated, forming blended protein glutathione disulfides. This posttranslational modification is believed to function primarily as a redox-sensitive switch to facilitate redox regulation and signal transduction (23) . Metaanalysis on the protein list identified by ART-ABPPs (P1 and P2) looking for a glutathione binding motif (Fig. 3B ) indicated a high positive correlation (χ 2 = 230.1 with a P value < 0.0001) as shown in Fig. 2 . This positive correlation may be explained by the availability of free thiol groups in cysteine residues acting as targets for ART-protein alkylation. In particular, thiol alkylation may directly contribute to the observed specific inhibition of cysteine proteases and aspartic proteases by the endoperoxides that results in decreased hemoglobin degradation in the parasite's food vacuole (24) .
Interaction of ART with the P. falciparum Hemoglobin Digestion Pathway. In this study, ART-ABPPs labeled a substantial number of proteases from the parasite's digestive food vacuole (Fig. 2,  Fig. S4 , and Table S2 ). Plasmepsin-2, in particular, was identified in the high confidence list of the ART proteome. Together with plasmepsin-1, these two proteins belong to the aspartic proteases that coordinate with cysteine proteases (falcipain-2 and falcipain-3) in the process of hemoglobin degradation in the parasite's food vacuole (25) (26) (27) and are considered good drug targets (28) . Inhibition of vacuolar digestion could contribute to the pleiotropic action of the ART drug class. Neither falcipain-2 nor falcipain-3, considered to be the activators of plasmepsins (29), was targeted by the ART-ABPPs, which may reflect the steric effect of the ART structure in selective binding of aspartic proteases involved in Fig. 2 . Heat map of the entire proteomic dataset identified by the alkyne and azide ART-ABPPs. Heat map analysis was carried out by plotting the average exponentially modified protein abundance index values for each protein. The data were acquired from multiple independent experiments for each probe [P1, n = 5; CP1, n = 5; DMSO, n = 5; P2, n = 2; CP2, n = 2; P2* (cellular homogenate)]. Each independent replicate was injected into the LC-MS/MS four times to improve the accuracy of protein identification. The heat map plot was clustered into four categories from high confidence to noise according to the hit frequency in all replicates. Protein hits found in seven to nine independent replicates were denoted as being of high confidence, hits seen in four to six replicates were denoted as medium confidence, three hits were denoted as low confidence, and hits seen in only one or two replicates were considered as noise. Proteins were manually searched for the presence (+) and absence (−) of a glutathione (GSH) binding motif according to data published by Kehr et al. (23) . Complete datasets of ART proteomes are illustrated in Dataset S1. DMSO, dimethyl sulfoxide treatment; MW, protein molecular weight in kilodalton; ORF, open reading frame names.
A B hemoglobin digestion. It also suggests that the targeting of proteins is not promiscuous. However, neither plasmepsin-2 nor M1-family alanyl aminopeptidase, which identified with high confidence by ART-ABPPs, was significantly affected by the iron-chelating agent (DFO), suggesting that the alkylation and inhibition of proteases with ART may not be solely dependent on free Fe +2 (Fig. S3 ). This observation requires additional investigation. The observation that ART-ABPPs target multiple components of this degradation pathway is credible evidence of ART activation and may implicate disturbance in the parasites feeding process as an important aspect of drug action (Fig. S4) as indicated by work using alternative approaches (7, (30) (31) (32) .
Interaction of ART with P. falciparum Antioxidant Defense Systems.
Hemoglobin digestion in the malaria parasite is a highly dynamic catabolic process. Hemoglobin digestion leaves the parasite under intense oxidative stress by generating active redox byproducts, including heme and a superoxide anion radical (O• 2), with the latter being rapidly converted to H 2 O 2 (33) . To cope with such highly cytotoxic processes, the parasite recruits an efficient enzymatic antioxidant defense system that includes glutathione and many thioredoxin-dependent proteins. Of particular interest in this study is the labeling of ornithine aminotransferase (OAT), a thioredoxindependent protein identified with ART-ABPPs in high confidence and high abundance ( Fig. 2 and Table S2 ). PfOAT is essential in the coordination of ornithine homeostasis, polyamine synthesis, proline synthesis, and mitotic cell division (34) . In malaria parasites, PfTrx1 regulates PfOAT redox activity by interaction with two highly conserved cysteine residues (Cys154 and Cys163), which do not exist in any other species and may interfere with substrate binding (34) . PfOAT labeling was significantly reduced after iron chelation (Fig. S3) , suggesting the supportive role of free iron in drug activation and leading to irreversible binding to PfOAT.
ART itself can generate ROS in the parasite through endoperoxide bridge activation (8, 35) , and free Fe +2 can enhance the generation of ROS by the Fenton process (35) . Therefore, it has been presumed that ART-activated ROS may lead to parasite death by overwhelming the parasite's antioxidant defense systems (36) . Identification of stress-related proteins (Table S2) by ART-ABPPs supports the hypothesis that ART is involved in the activation and generation of ROS in vivo. Apart from Actin 1, none of these proteins were significantly affected by iron chelation under the condition used here (Fig. S3) .
Interaction of ART with the P. falciparum Glycolysis Pathway. Previous work by our group showed that artemether, the methyl derivative of ART, negatively alters some key glycolytic enzymes while increasing the expression of stress response proteins after pharmacologically relevant drug exposure in the P. falciparum (37) . Increased levels of stress-associated proteins coupled with a decrease in glycolytic enzymes suggest a mechanism where the parasite designates to protect its machinery for generating its energy supply from disruption by endoperoxides. This hypothesis is further supported by the recent study, where ART-resistant parasites exhibited a slower growth rate through the early ring stage of the intraerythrocytic developmental cycle (38) . A credible explanation of this phenomenon, observed in ART-resistant parasites, is that slowing down growth at ring stage by closing down aspects of energy production is a protective mechanism, whereas the parasite experiences ART-induced stress and possible protein damage. Normal growth resumes after up-regulation of the unfolded protein response pathways that are capable of resolving protein damage caused by ART (38) . Interestingly, in this study, of 11 enzymes participating in glycolysis, 7 enzymes were labeled and detected with ART-ABPPs (Table S2 ). The disruption of the microassembly of glycolysis in the parasite by ART should lead to the parasite death. In support of this observation, studies in Schistosoma japonicum-infected mice exposed to artemether also showed an effect of drug treatment on important glycolytic enzymes in the parasite (39, 40) . In general, these findings are consistent with the vital and essential role that glycolytic enzymes play in supporting rapid growth and proliferation, similar to that seen in other rapidly proliferating cells, such as cancer cells (41, 42) . The high glycolytic flux of intraerythrocytic developmental cycle maintains rate-limiting glycolytic intermediates to support other pathways (e.g., nucleotide and lipid biosynthesis) (Fig. S4) (41) .
Overall, apart from glucose-6-phosphate isomerase, none of the glycolytic proteomes identified by ART-ABPPs were significantly affected by iron chelation using cellular homogenate (Fig. S3) .
Interaction of ART with P. falciparum Nucleic Acid and Protein Biosynthesis Pathways. Plasmodium parasites cannot synthesize purine nucleotides de novo and instead, rely on the purine salvage pathway that is essential for parasite growth and survival (43) and has been exploited as a drug target. ART-ABPPs identified five enzymes (Table S2 ) involved in purine and pyrimidines synthesis (nucleic acid biosynthesis). Many of the enzymes involved in Plasmodium nucleic acid biosynthesis differ from those of their human hosts. Accordingly, nucleic acid biosynthesis pathways have long been considered exploitable targets for novel antimalarial drug design (43) (44) (45) (46) . For example, P. falciparum bifunctional dihydrofolate reductase-thymidylate synthase mediates the conversion of dihydrofolic acid (dihydrofolate; vitamin B9) to tetrahydrofolic acid by dihydrofolate (44) . Tetrahydrofolate is needed to make both purines and pyrimidines, the building blocks of DNA and RNA, and some of our most successful antimalarials, such as pyrimethamine and proguanil, target this enzyme, resulting in parasite death (44, 47) . Furthermore, P. falciparum hypoxanthine-guanine-xanthine phosphoribosyltransferase, an ART-ABPPs target identified with high confidence, is also central in purine salvage (46) . Labeling of the P. falciparum hypoxanthine-guanine-xanthine phosphoribosyltransferase was significantly reduced after iron chelation (Fig. S3) , suggesting a role of chelatable iron in ART activation leading to alkylation of the enzyme. ART-ABPPs also identified many ribosomal proteins (Table S2 ), suggesting that protein synthesis is an additional target for ART.
Interaction of ART with P. falciparum Chaperone Proteins and the Cytoskeleton. ART-ABPPs identified several chaperone proteins (Table S2 ). The majority of chaperonins were initially identified as heat shock proteins expressed in parasites in response to elevated The confidence view of ART-protein and proteinprotein interactions networks built up using the STITCH 4 web tool is illustrated in Fig. S4 . A complete dataset of ART interactome is in Datasets S2 and S3.
temperatures, a prominent symptom of the disease, and/or other cellular stresses. In general, molecular chaperones are involved in many cellular functions, including helping newly synthesized proteins to fold, protein trafficking, and signal transduction (48) . TCP-1 and cytoskeletal proteins α-tubulin, β-tubulin, and actin 1 were all labeled by ART-ABPPs. The fact that actin and tubulin folding and dimerization are chaperoned by the TCP-1 chaperonin system gives rise to suggest a potential link between ART, the parasite cell structure, protein trafficking systems, and signal transduction.
Interaction of ART with Transport Proteins in P. falciparum. ARTABPPs identified the two subunits of the V-type H + -ATPase (subunits A and B) at various levels of confidence from high to medium, respectively (Table S2 ). In the parasite, a V-type ATPase generates a proton motive force across the parasite plasma membrane as well as across the digestive food vacuole (49, 50) . It has previously been shown that ART results in rapid depolarization of the parasite plasma membrane (51) . Although the depolarization of the plasma membrane was previously shown to be partially attributed to lipid peroxidation, the ARTABPPs data presented here could be interpreted as showing the potential for a direct inhibition of the V-type ATPase activity by ART. Structural similarity between ARTs and thapsigargin, an inhibitor of SERCA (PfATP6), led to a hypothesis that PfATP6 was a target for ART (5) . This proposal received additional support from a study connecting ART resistance in P. falciparum field isolates from French Guiana with the S769N mutation in PfATP6 (52) . The functional importance of PfATP6 in ART action and resistance remains controversial; however, PfATP6 was detected by the alkyne version of ART-ABPPs (P1), albeit at low yield and low confidence. In addition to metabolic pathways, ART-ABPPs identified nine proteins related to parasite-host cell invasion and the host immune responses (Table S2 ). The functional relevance of these as targets remains to be tested.
ART and Resistance Mechanisms in P. falciparum. Several genes have been associated with ART resistance mechanisms, including the chloroquine resistance gene (Pfcrt), the multidrug resistance pump (Pfmdr1), and the K13 propeller domain of the kelch-like protein (2, 38, 53) . This study was not designed to probe resistance, and only a single parasite isolate has been investigated; however, the gene products of Pfcrt and Pfmdr1 (Table S3) , and a protein from the proteasomal system, Cdc48 protein (but not K13), were labeled with ART-ABPP. These findings indicate the potential for the use of ART-ABPPs in investigating resistance and tolerance mechanisms using appropriate parasite isolates with well-defined resistance phenotypes.
ART Interactome. We used a bioinformatics interaction network analysis approach using STICH 4 software (54) to build up and predict functional ART-protein association networks and identify major pathways targeted by the drug based on compiled available experimental evidence, database information, and the literature. Analysis of the data generated in silico connectivity for ART, with 67 proteins collectively identified with P1 and P2 termed the ART interactome shown in Fig. S5 . As predicted, the proteome experimentally identified with ART-ABPPs revealed a strong network association of functionally important proteins (Fig. S5) . The connectivity analysis confirmed that the glycolytic pathway is a primary interacting target for ART with a P value of 1 × 10 −9 (Fig. 4) . Additional pathways were identified as being targets for ART interaction, including the biosynthesis of secondary metabolites, metabolic pathways, ribosomes, phagosomes, etc. (Fig. 4) . Additional analysis to identify the cellular components targeted by the ART interactome using Cytoscape software supports a role for ART acting akin to the "cluster bomb" hypothesis (55) , with multiple cellular targets mainly but not exclusively in the food vacuole and cytosol (Figs. S4 and S6) . The important next step will be to establish which of these interactions has functional relevance regarding parasite lethality and resistance.
Conclusion and Future Perspective. Using a chemical proteomic approach, we have identified with a high level of confidence key proteins that are alkylated by ART; the biological functions of the tagged proteins are consistent with many of the presumed mechanisms proposed to explain ART drug action, in which the ART causes extensive damages to key proteins that have a wide spectrum of cellular activity. Collectively, copper-based and copper-free ART-ABPPs approaches present significant evidence in support of the argument that ART can target two important sources of carbon/energy and amino acid supply (i.e., glycolysis and hemoglobin digestion pathways) within the erythrocytic stage of infection. ART-ABPPs also provide additional evidence that ART targets other essential parasite metabolic pathways, including DNA synthesis, protein synthesis, and lipid synthesis. The application of ART-ABPPs to monitor the activity of protein target(s) as well as their abundance in different parasite lines could have significant implications for understanding the problem of ART resistance, especially combined with genomic approaches. The data generated here are a significant step forward in identifying the complete array of protein targets that are susceptible to alkylation with ART. The next key step will be to define formally which of these alkylation reactions is functionally most relevant to antimalarial drug action and which may be modified to confer drug resistance.
Methods
Synthesis of Endoperoxide Probes and Respective Controls. Endoperoxide probes and corresponding deoxy ether analogs (controls) were synthesized as detailed in SI Text.
Parasite Cultures and Drug Sensitivity Assays. P. falciparum 3D7 parasites were cultured following the method illustrated in SI Text. Drug activities of ART-ABPPs were measured using a standard fluorometric DNA binding method as detailed in SI Text.
In Situ Parasite Treatment for Chemical Proteomic Pulldown Assays. Ten flasks of synchronized trophozoite-stage parasite cultures at 10-12% parasitemia and 4% hematocrit (0.5 L culture) were treated with ART-ABPPs P1 and P2 and their respective controls (100 μL 5 mM stock) to give a final concentration of 1 μM probe per treatment, 10-fold the IC 90 (100 nM) at short pulse time to ensure full inhibition of parasite growth and maximal alkylation (53) . All treatments were carried out with a minimum of two replicates per treatment (noted elsewhere). Probe-treated parasites were maintained in culture at 37°C in an atmosphere of 3% CO 2 , 4% O 2 , and 93% N 2 for 6 h, an incubation period that has already been shown to cause irreversible parasite lethality (53) . An equivalent culture without drug probe (five replicates) was treated with 100 μL DMSO as a control treatment maintained under identical culture conditions. Parasite proteins were sequentially extracted using a modification of the protocol described by Molloy et al. (56) 
(SI Text).
ART-ABPPs Labeling and the Effect of Iron Chelation. Parasite protein extracts (cellular homogenates) were prepared from 1 L untreated in vitro cultured parasite as described earlier. Protein extracts were adjusted to 2 mg/mL in Eppendorf tubes and treated with P2 at 10 μM in the presence or absence of the iron-chelating agent DFO at 100 μM for 1 h at 37°C. Subsequent protein processing was as described in SI Text.
Identification of ART-ABPPs Alkylated Proteins. Alkylated proteins from all experiments were subjected to click chemistry reaction with relevant biotin reporter as detailed in SI Text. As the next step, biotin-tagged proteins was affinity-purified using streptavidin agarose beads, and the captured proteins was identified using LC-MS/MS after bead trypsin digestion for the purified proteins as described in SI Text.
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